Abstract: A comparative study was carried out on the load-dependent indentation behavior with respect to hardness and induced cracks of β-SiAlON and α-silicon carbide ceramics. It is observed that silicon carbide (SiC) exhibits lower transition load, early cracking and severely crushed indentation sites, whereas β-SiAlON shows higher transition load and damage-free indentation zone even at the maximum applied load (294.19 N). Crack density is higher for α-SiC with comparison to β-SiAlON at each load. SiC exhibits both main and secondary radial types of cracking from low indentation load (0.98 N). Cracks are often associated with branching at higher load (> 9.80 N) for α-SiC. β-SiAlON exhibits cracks which are mainly radial types initiated at 4.90 N load. These opposing behaviors of β-SiAlON and α-SiC are attributed to their difference in hardness, toughness, and brittleness index. Higher brittleness of α-SiC results in early and severe cracking around its indentations. β-SiAlON shows less cracking due to its lower brittleness and higher toughness. The increased size of indentation-induced cracks of α-SiC is higher than that of β-SiAlON due to the rapid crack propagation in α-SiC with transgranular fracture behavior.
Introduction
Hardness is the response of a material under specific set of conditions. Hardness of a material depends upon several parameters, including grain size, indenter load and loading rate, indenter geometry, surrounding environment, and accuracy in measurements [1] [2] [3] . Generally, hardness decreases with the increase of indenter load and indentation size, known as indentation size effect (ISE) [1, [3] [4] [5] [6] [7] [8] . This load-dependent hardness phenomenon occurs possibly due to the differential elastic recovery of indentations, cracking and stress relaxation, work hardening, dislocation pinning at the indentation area, and frictional effect between indenter facets and test specimen [1, 3] .
In general, harder and less tough ceramics, such as boron carbide and silicon carbide, are more brittle than less hard materials with higher fracture toughness, such as zirconia toughened alumina (ZTA) and β-SiAlON.
Previously, extensive research works were carried out on metallic as well as ceramic materials to  establish the know-how on load-dependent hardness behavior. The science of ISE was explained by several models, such as Meyer's law, Hays-Kendall approach, elastic recovery model, and proportional specimen resistance (PSR) model [7, 9] . Wilantewicz et al. [3] have conducted ISE experiment on AlON, AD995 CAP3 Al 2 O 3 , pressureless-sintered SiC (Hexoloy SA), SiC-N, and SiC-B, using Knoop indenter within the load range of 0.49 N to 137.3 N; it has been shown that for each material, hardness drops by certain percentage (26%, 38%, 36%, 32%, and 31% respectively), and hardness continues to decrease with the increase of load beyond 19.6 N. It has also been shown that crack-dominated indentation area exhibits less hardness than that of less cracked indentation zones for silicon carbide and glasses [3, 6] . Quinn and Quinn [10] have shown that beyond transition load, the slope of load-hardness plot becomes asymptotic, and severe crack formation starts beyond this particular load. In another study, the ISE of AlON and MgAl 2 O 4 spinel was examined concluding that AlON shows rapid decrease in Vickers hardness than that of MgAl 2 O 4 spinel [11] . Spinel exhibits wider load range (1-3.8 N) before transition load reaches, where deformation rather than fracture is dominant [11] .
Silicon carbide (SiC) is a brittle material with hardness of 22-35 GPa and fracture toughness of 2.96-5.8 MPa·m 1/2 [12, 13] ; SiC finds applications in the areas of protective system, space mirror, and abrasives [14] [15] [16] . β-SiAlON is relatively less brittle than α-SiC, with hardness of 14-17 GPa and fracture toughness of 6.5-7.88 MPa·m 1/2 [17, 18] ; β-SiAlON is one of the promising materials for cutting tools, turbine vanes and blades, and turbocharger rotors [19] [20] [21] . Hardness has great importance in their applications for both the ceramics. Generally, hardness determines the damage resistance and stiffness of a material; fracture toughness governs the crack propagation behavior of a material under load. Hence, a systematic study was carried out to gain insights about the load-dependent indentation behavior, such as load vs. hardness and indentation-induced cracking of these two ceramics.
Since β-SiAlON and α-SiC maintain wide spacing at hardness and toughness scales, it is convincing to consider that the current experimental results can be considered as the reference for other structural ceramics lying within the aforesaid hardness and toughness ranges.
Twelve different loads in the range of 0.49-294.19 N with Vickers indenter were used to carry out the systematic study. The minimum load 0.49 N was chosen, because below this load, indentation size was difficult to measure using inbuilt optical microscope of hardness tester as indentations were smaller in size. The maximum applied indentation load was 294.19 N. This wide load range was chosen because of comparison purpose with respect to cracking behavior between the two ceramics. Beyond 29.4 N load, it was not possible to measure the diagonal size due to severe damage at indentation sites for α-SiC. Hence, load-hardness behavior comparison was made within the load range of 0.49-29.4 N. However, indentations were generated using load upto 294.19 N to show the difference between their indentation-induced cracking characteristics.
Experimental procedure

1 Materials
The raw premix powders corresponding to β-SiAlON composition were supplied by International Syalons (Newcastle) Limited (United Kingdom) used to produce β-SiAlON ceramics. RTP-SiC powders (D 50 = 0.8 µm) were supplied by Saint-Gobain Ceramics (Norway) used to fabricate monolithic SiC. β-SiAlON was densified at 1750 ℃ through reaction sintering (liquid phase) of the premix powders, consisting of α-Si 3 N 4 , AlN, Al 2 O 3 and Y 2 O 3 . Dense α-SiC ceramic was made by solid-state sintering of SiC powders at 2150 ℃. Physical and mechanical characteristics of the sintered products are shown in Table 1 . Figures 1 and 2 show the scanning electron micrographs (SEM) of β-SiAlON and α-SiC, respectively. respectively. β-SiAlON exhibits elongated grains; α-SiC shows equiaxed grains.
2 Test specimen preparation
The samples were sectioned from 50 mm × 50 mm × 6 mm sintered blocks using high-speed precision cutting machine (ISOMET 4000, Buehler Ltd., USA). Then samples were hot mounted on a bakelite platform at 100 kg/cm 2 pressure and 120 ℃ temperature using hydraulically operated mounting press (BAINMOUNT, Chennai Metco, India). The sectioned specimens were polished with diamond slurry using variable-speed grinder-polisher (EcoMet 4000, Buehler Ltd., USA). First, the sample was made into maximum flatness using 30 µm diamond gritted disk. Subsequently, polishing was carried out using diamond slurry with the grit-size sequences, e.g., 15 µm, 9 µm, 6 µm, 3 µm and 1 µm, respectively, in descending order. 
3 Hardness testing
where HV is Vickers hardness (kg/mm 2 ); P is the indentation load (kgf); d is the average length of the two diagonals of the indentation (mm). Indentation-induced crack propagation behavior and indentation imprints were examined using image analysis software (ANALYSIS 5, Olympus, USA). Table 2 . It is observed from Table 2 that the average number of indentation induced cracks per indentation, and crack size are higher for α-SiC than those of β-SiAlON. As the indentation load increases, the crack length also increases significantly.
Results
1 Load vs. hardness, indentation size
Discussions
In the current study, both materials are demonstrating ISE, i.e., hardness decreases with the increase of load. Among several existing models, elasticplastic deformation (EPD) is chosen to analyse the ISE phenomena of α-SiC and β-SiAlON, because EPD is a proven technique to explain the ISE of hard and strong materials [22, 23] . According to this model, the important origin of ISE in hard and strong materials is that the deformation under the indenter occurs in discrete bands rather than being continuous. Upon removal of load, the recovery of elastic increment of deformation, which precedes each new band of plastic deformation, results in the indentations appearing smaller than expected, particularly at small indentation sizes [22, 23] . Thus, the hardness calculated from these residual indentation imprints increases with decreasing contact size, as well as with decreasing load. In the extreme case before the first plastic band is nucleated, surface flexure will remain elastic, and fully recoverable on unloading, leaving no residual impression with which to calculate a conventional hardness value [22, 23] . At higher load (generally beyond transition), indentations are associated with both elastic deformation and cracking. Fracture and cracking dominate as load increases. Thus, the recovery effect of elastic deformation becomes negligible, which eventually makes P/d 2 ratios closer at each load. Thus, load-hardness plateau becomes asymptotic particularly at higher load range. The ISE effect in α-SiC is more pronounced than that for β-SiAlON. This behavior of α-SiC and β-SiAlON is further supported by their brittleness parameter, which is much higher for α-SiC (1110.66 μm 1 ) compared to that of β-SiAlON (64.44 μm 1 ). The higher brittleness index of α-SiC compared to β-SiAlON, is attributed to its higher hardness at transition load and much lower fracture toughness. The higher percentages of hardness reduction can be interpreted by severe fracture, cracking of SiC combined with its higher percentage indentation size increment. Due to less hardness and less brittleness of β-SiAlON, it deforms more than α-SiC under the application of load. Therefore, the measured indentation sizes of β-SiAlON remain higher than that of α-SiC at each load within the experimental load range. The difference between indentation sizes of β-SiAlON and α-SiC, gradually increases with load increment, as deformation is more pronounced than fracture for β-SiAlON, whereas fracture dominates over deformation for α-SiC. Since deformation leads higher indentation size than fracture, β-SiAlON exhibits relatively higher indentation size than α-SiC. Because of the similar reason, recovery effect of the incremental part of elastic deformation may persist even at higher load for β-SiAlON, but this effect is expected to be trivial for α-SiC at higher load range as is evident from severe fracture associated with its indentations. Thus, α-SiC demonstrates higher percentages of indentation size increment compared to that of β-SiAlON.
From the indentation imprints (Fig. 6) , it is evident that fracture effect at each indentation load is dominant in α-SiC with comparison to β-SiAlON. Because of higher fracture toughness and less hardness, β-SiAlON withstands higher indentation load without damage around indentations due to more deformation effect; SiC is very prone to crack initiation even at low load (0.49 N) due to low fracture toughness and higher brittleness, and exhibits fragmented and irregularshaped indentations at higher loads. The significant difference in the brittleness parameters of α-SiC and β-SiAlON agrees with the observed damage such as severe cracking and fragmented zone around the indentations of α-SiC. Further, the propensity of crack formation at lower load and development of fragmented indentation zones for α-SiC, are related to its extremely high brittleness; this is also the cause for the formation of different types of cracks namely main and secondary radial types in association with crack branching. On the other hand, due to less brittleness of β-SiAlON, mainly radial cracks appear upon application of indentation load. A higher number of cracks is associated with each indentation for α-SiC than that of β-SiAlON, which is also attributed to higher hardness, higher brittleness and less fracture toughness of α-SiC. Due to high brittleness and transgranular fracture behavior (Fig. 7) , crack propagation is much more rapid for α-SiC with comparison to β-SiAlON, which exhibits wavy fracture surface (Fig. 8) . This type of fracture surface, which is observed in β-SiAlON, is the indication of relatively more deformation, which prevents rapid crack propagation and reduce indentation-induced crack length. This is the cause for larger-size indentation-induced cracks for α-SiC with comparison to β-SiAlON. 
Conclusions
Based on the experimental results, it can be summarized that:
(i) ISE of both structural ceramics is explained by EPD model. Here, ISE is more pronounced for α-SiC than β-SiAlON, as dropping of hardness as a function of load is higher for α-SiC (31.57%) compared to β-SiAlON (15.47%). This effect is due to severe fracture and cracking around indentations combined with higher percentage indentation size increment for α-SiC.
(ii) The combined effect of higher hardness, lower fracture toughness and higher brittleness index is responsible for low transition load, severe cracking and fragmented zones around indentations for α-SiC, whereas effects of lower hardness, higher fracture toughness, and less brittleness make less cracking and crushed free indentations for β-SiAlON.
(iii) Main and secondary radial crack branchings are observed for α-SiC, whereas β-SiAlON exhibits mainly radial cracks. Crack branching is not evident for β-SiAlON. This effect is the cause of extreme brittleness of α-SiC with comparison to β-SiAlON.
(iv) Crack density around indentations is higher for α-SiC than that of β-SiAlON, which is also due to higher brittleness of α-SiC and its less fracture toughness.
(v) Crack sizes at each load are larger for α-SiC than that of β-SiAlON. This is due to the rapid crack propagation in α-SiC because of its transgranular fracture behavior. On the other hand, wavy fracture surface of β-SiAlON is the indication of relatively more deformation, which prevents rapid crack propagation and reduces indentation-induced crack lengths.
